This Report presents numerical tables summarizing properties of intrinsic defects in aluminum arsenide, AlAs, as computed by density functional theory. This Report serves as a numerical supplement to the results published in: P.A. Schultz, "First
Issued by Sandia National Laboratories, operated for the United States Department of Energy by Sandia Corporation. Table 8 . Defect levels for the arsenic antisite, in eV, referenced to the VBE: aAs = As Al .......... 13 Table 9 . Defect levels for the aluminum antisite, in eV, referenced to the VBE: aAl = Al As ..... 13 Table 10 . Defect levels for the di-antisite, in eV, referenced to the VBE: aa = Al As -As Al ....... 13 Table 11 . Defect levels for the aluminum interstitial, in eV, referenced to the VBE: iAl = Al i .. 14  Table 12 . Defect levels for the arsenic interstitial, in eV, referenced to the VBE: iAs = As i ...... 14 Tables containing the parameters needed to populate defect physics packages needed for device simulations. In addition, a summary of the AlAs-specific verification and validation evidence is presented that provides a basis for estimating an overall uncertainty in predicted defect energy levels of the same size as for earlier simulations of silicon defects [2] and GaAs defects [3] (henceforth "PAS09"), namely, 0.1-0.2 eV accuracy/uncertainty.
CONTENTS

Computational methods
Details of the computational methods are described in PAS11 and also in the description of GaAs defect calculations [3] , and will only be briefly summarized here. The DFT calculations were performed with the SEQQUEST DFT code. [4] . The defect calculations were performed using both the local density approximation (LDA) [5] and the Perdew-Burke-Ernzerhof (PBE) flavor of the generalized gradient approximation [6] , this comparison being a partial assessment of the physical uncertainties within DFT functionals [7] . The calculations used Z=3 valence pseudopotentials (PP) for the Al atom (without a partial core correction), and Z=5 valence PP for the As atom, the latter being the same used for GaAs defects, [3] , i.e. an extended PP with the fpotential used as the local potential and also including a partial core correction.
The calculations of charged defects used the Finite Defect Supercell Model [2] to incorporate rigorous boundary conditions for the solution of the electrostatic potential in a charged supercell [8] and extrapolate the computed defect energies to the infinitely dilute limit. Defect calculations were performed using 64-atom, 216-atom, and 512-atom cubic supercells. The 216-site supercell calculations proved to be sufficiently converged to achieve the required accuracy and are the default production calculations listed in this Report.
These simulation contexts are labeled in the following as: LDA64, LDA, and LDA512, for 64-site, 216-site, and 512-site, respectively, supercell calculations using LDA; and PBE for the 216-site supercells using PBE.
Verification and validation
The defect level calculations all used the same methods, SEQQUEST invoking FDSM, used in DFT calculations of defects in silicon and GaAs, which yielded mean absolute errors of 0.1 eV and maximum absolute error of 0.2 eV for defect levels (and other properties) over a wide sampling of different defects. This is the expected accuracy (uncertainties) of the methods for the AlAs defect level calculations, and certainly are the limit of the physical accuracy of the DFT approximations used in this analysis.
The pseudopotentials used in the AlAs calculations were extensively verified in previous studies, the As in the GaAs calculations [9, 3] , and the Al in calculations of bulk Al defects [10] , and validated for the bulk crystalline calculations. The properties of bulk (zinc-blende structure) AlAs obtained with these simulation contexts are summarized in the following (a) Ref. [11] .
(b) Ref. [12] .
(c) Ref. [13] .
Comparison of AlAs defect level results with different functionals, LDA vs. PBE, indicates a modest uncertainty due to the physical approximation of DFT. The largest differences in a defect level are 0.28 eV in the vv(1-/0) transition and 0.18 eV for the v As (2+/1+) transition, but the rest are typically (much) less than 0.1 eV, sufficiently similar to plot usefully on the same level diagram, see Fig. 1 in PAS11. The AlAs defects, like the GaAs defects are predicted to have multiple -U transitions and structural rearrangements with change in charge state, suggesting that PBE might be necessary to achieve the 0.1-0.2 eV target accuracy seen in computations of defect levels in silicon (and in GaAs).
Extrapolation model
The total energy calculations for the charged defects used a modified-Jost model [15, 2] to evaluate the missing charge polarization (screening) energy outside the finite volume of the supercell:
where ε 0 is the static dielectric constant, and R Jost = (R sphere -R skin ) is the radius of a sphere with a volume equal to the volume of the supercell, R sphere , less the skin depth, R skin , of an unscreened surface region within the sphere. R skin must be calibrated (fit) once for each material system.
The extrapolation model was calibrated via calculations of negative charge states of the aluminum vacancy, in unrelaxed tetrahedral structures for the (1-), (2-), and (3-) charge states.
The extrapolation model was then verified using fully relaxed arsenic antisite (0/1+) and (1+/2+) charge transitions, comparing defect calculations extrapolated to infinitely dilute defects from 64-site, from 216-site, and from 512-site supercell calculations. 216-site cells were assessed to be necessary to meet required level of quantitative confidence. The vv divacancy (as an example of a low-symmetry defect expected to have large spatial extent) with 216-site supercells was repeated using 512-site supercells as a further verification test. The differences in any defect level was typically smaller than 0.05 eV, indicating uncertainty with respect to cell size (and kpoint sampling) is less than 0.05 eV, except for large ~0.1 uncertainties in the extreme charge states (of the vv).
The extrapolation model was validated. The experimental AlAs static dielectric constant, [16] 10.1, for ε 0 and a physically reasonable unpolarized "skin depth" (R skin ), 1.4 bohr, led to a converged extrapolation, and these parameters are also consistent with extrapolation models in multiple other III-V defect calculations such as GaAs, InP, and GaP (experimental ε 0 and R skin =1.5(2))
The quantities defining the extrapolation model are summarized in the next Table. 
Validation of AlAs defect results
The amount of data available to quantitatively validate AlAs defect results is miniscule in comparison to GaAs, already small in comparison to Si. To date, there are no measured defect levels firmly identified with any point defect charge transition. The range of computed defect levels, ~2.7 eV, is significantly larger than the experimental band gap, suggesting either (1) that the defect level calculations in AlAs have larger uncertainties (relative to one another) than in the other III-V binaries, or (2) the valence band edge and conduction band edge cut through the top and/or bottom of the range of defect levels (either the levels are resonances in the CB or VB, or the computed levels are not cleanly associated with localized states). The current state of experimental knowledge is insufficient to calibrate the position of the band edges. This assessment of the quality of the validation of these computed results requires that additional data for AlAs defects be acquired. The calculation of defect formation energies, being dependent upon the position of the VBE with respect to the defect levels, would need to be revisited once the band edges are properly calibrated to experimental data.
RESULTS
The section contains the Tables that summarize the numerical results for DFT simulations of defects in AlAs.
Defect atomic structures
The following Tables list the ground state structures for the simple intrinsic defects in AlAs as a function of charge state. The bonding structures are all illustrated in PAS09. In the vacancies, note the distinction that v' refers to the simple vacancy, and v* refers to the site-shifted form of the vacancy (where a nearest-atom to the vacancy hops into the vacant site, thus creating a vacancy-antisite pair). Table 4 . Ground state structure designations for the interstitials and di-antisite.
Charge state
Al i As i aa
(2-) - - C 3v (1-) C 2v split-(110) Al C 2v split-110 As C 3v (0) C 2v split-(110) Al C 2v split-110 As C 3v (1+) T i,Al C 1h p-(001) Al pair-C 1h (2+) T i,As C 1h B Al pair-C 1h (3+) T i,As T i,Al pair-C 1h (4+) - - C 3v
Defect charge transition energy levels
This section presents the defect charge transition levels of the simple intrinsic defects in AlAs, in eV, along with the neutral formation energies. The defect level calculations are the primary result of the Report, the later formation energies are all derived from these results. (a) Thermodynamic levels traversing charge state ground states: T i,Al (1+)-T i,As (2+)-T i,As (3+).
(b) Levels of the Al i trapped in the T i,As site (i.e., excluded from the T i,Al (+) ground state). 
Defect formation energies
The ground state defect formation energies, as a function of charge state are trivially obtained by simple arithmetic from the neutral formation energies and the computed defect charge transition energy levels in the previous section. As all the results in this Report, the defect formation energies in these Tables are presented in the arsenic-rich limit. The formation energies of the charged defects are presented with the Fermi level at the VBE. The Tables present the formation energies of all the simple intrinsic defects, segregated by simulation context.
The aluminum interstitial quotes two formation energies for the (1+) charge, the first is the ground state of the (1+) state in the non-bond tetrahedral interstitial site with Al nearest neighbors: T i,Al . The T i,As has charge states from (1+) through (3+), and is the ground state for the (2+) and (3+), and therefore its formation energy is also quoted. 
Defect migration energies
Only two intrinsic defects are potentially mobile: the Al i and As i . All other defects will be immobile at room or operating temperature (certainly for the time scales of interest for radiation damage). In addition to potential thermal diffusion, the As i might exhibit athermal diffusion [17] (via carrier-driven Bourgoin-Corbett diffusion [18] ) in p-type AlAs, and potentially recombination-enhanced diffusion in n-type AlAs, just as in GaAs.
Aluminum interstitial -thermal
For the Al interstitial, the DFT calculations finding thermodynamically stable states for the same (1+), (2+), and (3+) charge states seen for the Ga interstitial in GaAs, and also (0) and (1-) charges states in the split-(110) Al interstitial now are stable defects in the gap. The positive interstitials strongly favor non-bonded tetrahedral interstitial positions over all other structures, and both T(0) defects are deeply embedded in the conduction band.
The aluminum interstitial could potentially migrate thermally in p-type AlAs, through either the hexagonal site (via a T i,As -H-T i,Al -H-T i,As path) or through a split-(110) Al site kick-through mechanism. The hexagonal path remains a clean defect state in the DFT calculations, allowing the full cannot be fully characterized for the (2+) and (3+) charge states, as the defect KohnSham eigenstate dips below the VBE for the T i,Al (2+;3+) and a rigorous defect energy cannot be computed with current methods, but it can be unambiguously identified as a local minimum basin through which the interstitial could traverse. 
Arsenic interstitial -thermal
Migration paths and barriers for the As interstitial were only obtained for p-type AlAs, an incidental byproduct of a comprehensive search for ground state structures. The thermal barrier for migration for the As i (3+) migration is 0.7-1.0 eV via a non-bonded T i,As -H-T i,Al pathway, the hexagonal (H) site being the saddle point between the lower-energy T sites. Unlike GaAs, the defect states stay cleanly above the VBE throughout this path. This is a notably higher barrier for the As i (3+) than in GaAs, but still potentially accessible via thermal processes.
The thermal barrier for As i (2+) is estimated to be smaller, 0.6 eV, assuming net migration along the same pathway, except that the B g -site is the ground state for the As i (2+), not the H-site. This estimate assumes the barrier to move from the B g -site into the non-bonded T-H-T pathway does not exceed 0.6 eV. This was not verified in these calculations, and would need to be investigated via NEB calculations. There is no information from experiment concerning interstitial mobility. 
Athermal and recombination enhanced diffusion: arsenic interstitial
The arsenic interstitial will likely diffuse athermally in p-type. One Bourgoin-Corbett migration path emerges from the search for ground state structures, diffusion driven by capture of carriers:
as the tetrahedral interstitial ground state captures an electron and collapses downhill, without a barrier, to the H site, which, in turn, re-emits the electron, and collapses downhill, without a barrier back into a T site. The complication is that B g -site is the ground state for the (2+) charge state, and complicates this picture. There are further paths that capture yet more electrons and then insert into the lattice, and then re-emerge into different T site upon re-emitting their electrons. The relatively flat landscape and multiple bistabilities and changes in structure for the (1-), (0), and (1+) charge states further suggest that recombination enhanced diffusion is likely among these charge states of the arsenic interstitial.
